We study the effects of weakly interacting massive particles (WIMP) dark matter (DM) on the collapse and evolution of the first stars in the Universe. Using a stellar evolution code, we follow the pre-Main Sequence (MS) phase of a grid of metal-free stars with masses in the range 5M ⊙ ≤ M * ≤ 600M ⊙ forming in the centre of a 10 6 M ⊙ halo at z = 20. DM particles of the parent halo are accreted in the protostellar interior by adiabatic contraction and scattering/capture processes, reaching central densities of O(10 12 GeV cm −3 ) at radii of the order of 10 AU. Energy release from annihilation reactions can effectively counteract the gravitational collapse, in agreement with results from other groups. We find this stalling phase (known as a dark star) is transient and lasts from 2.1×10 3 yr (M * = 600M ⊙ ) to 1.8×10 4 yr (M * = 9M ⊙ ). Later in the evolution, DM scattering/capture rate becomes high enough that energy deposition from annihilations significantly alters the pre-MS evolution of the star in a way that depends on DM (i) velocity dispersion,v, (ii) density, ρ, (iii) elastic scattering cross section with baryons, σ 0 . For our fiducial set of parameters (v, ρ, σ 0 )= (10 km s −1 , 10 11 GeV cm −3 , 10 −38 cm 2 ) we find that the evolution of stars of mass M * < 40M ⊙ "freezes" on the HR diagram before reaching the ZAMS. Stars with M * ≥ 40M ⊙ manage to ignite nuclear reactions; however, DM "burning" prolonges their lifetimes by a factor 2 (5) for a 600M ⊙ (40M ⊙ ) star.
INTRODUCTION
Current observations of primordial light element abundances, baryon acoustic oscillations, distance measurements by means of Type Ia supernovae and cosmic microwave background, all fit together to describe a Universe undergoing an accelerated expansion (see Spergel et al. 2007; Komatsu et al. 2008 and references therein). An unknown energy field, often referred to as Dark Energy, constitutes approximately 75% of the total energy density, whereas the remaining is made of matter. However, only 15% of the latter is made of known particles (baryons): its majority seems to be composed of a non-visible, unknown component, commonly referred to as Dark Matter (DM). If thermally produced in the hot plasma, models best fitting observations require it to have decoupled at temperatures much smaller than its mass, thus being often referred to as cold.
In this scenario, small scale perturbations grow faster and detach first from the Hubble flow, leading to a "hierarchical" growth of structures starting off very small haloes in the young universe, and building up bigger ones by means of mergers. The first stars are predicted to form at z < 20 − 30 in haloes with masses M = 10 6 − 10 8 M⊙, generally referred to as mini-haloes (see Barkana & Loeb 2001 and for thorough reviews of the subject). The gas virialized in the potential wells of these systems has primordial chemical composition and low temperatures, Tvir < 10 4 K; in these conditions the additional cooling necessary for the gas to collapse and form stars is provided by molecular hydrogen. The results of recent semi-analytic studies and of sophisticated 3D numerical simulations consistently indicate that the reduced cooling efficiency, together with the absence of magnetic fields and of relevant angular momentum effects, inhibits gas fragmentation and lead to the formation of a single massive star (Omukai & Nishi 1998; Bromm, Coppi & Larson 1999 Abel et al. 2000 Abel et al. , 2002 Nakamura & Umemura 2001; Ripamonti et al. 2002; Gao et al. 2007 ; O'Shea & Norman 2007; Yoshida et al. 2006 . The mass of these first stars, often called Population III (Pop III) stars, is still uncertain but likely to be in the range 30M⊙ < M * < 300M⊙, depending on the strength of feedback effects which control the mass growth by accretion on the central high-density core (Omukai & Palla 2003; Tan & McKee 2004) .
Since Pop III stars are predicted to form at high z or are hidden in the outskirts of collapsing structures at moderate z (Schneider et al. 2006; Tornatore, Schneider & Ferrara 2007) , observational evidences of their nature and properties are still lacking. If very massive, they are thought to explode as powerful pair-instability supernovae or to directly collapse to black holes after a short lifetime of a few Myr (Heger & Woosley 2002) . The chemical imprint they leave on subsequent stellar generations is difficult to identify in current samples of extremely metal-poor stars in the Galactic halo (Tumlinson 2006; Salvadori, Schneider & Ferrara 2007) ; their signature on the reionization history is weak (Gnedin & Fan 2006; Choudhury & Ferrara 2006) , and so is any feature in the low an high energy diffuse neutrino background (Schneider, Guetta & Ferrara 2001; Iocco et al. 2005 Iocco et al. , 2008 . Future probes of the nature of Pop III stars will come from the James Webb Space Telescope or from 21cm telescopes which are expected to operate within the next decade.
Intricate as the "standard" scenario can be, with ordinary matter only gravitationally interacting with its dark counterpart, there are instances where the situation could have been complicated by additional interactions between dark and ordinary matter.
There is a flourishing zoology of models providing candidates for DM particles, and we address the reader to Bertone, Hooper & Silk (2005) for a thorough review of motivations, candidates, and their properties. The currently favored model, which naturally complies with the requirements arising from cosmological and particle physics arguments, is the lightest stable particle in a supersymmetric extension of the standard model of particle physics. Often referred to as neutralinos, these are Majorana particles coupled to baryons by means of weak interactions, with the most remarkable properties to be self-annihilating, and to have a non-vanishing scattering cross-section with standard model particles.
For what concerns this paper, the consequence of these properties is two-fold: in environments with high enough density of DM particles, self-annihilation of neutralinos could constitute a source of energy, emitted in the form of radiation, which can potentially overcome the cooling of the gas, inhibiting or slowing down the formation of a proto-star. When (and if) something resembling a celestial object is formed, such weakly interacting massive particles (WIMPs) can scatter off the baryonic material and lose energy, thus being gravitationally captured; they accumulate and annihilate inside the object, thus providing it with an (additional) energy source.
At present, the typical DM densities are too low to provide any dramatic, widespread effect on stellar evolution: recent calculations show that DM densities necessary to induce strong effects are achievable only within the central two parsecs of our galaxy, with similar restrictions applying to all galaxies in the Local Universe (Fairbairn, Scott & Edsjo, 2008) . The first star-forming mini-haloes, however, are smaller and denser: this provides favorable conditions for DM annihilation effects to play a role.
As noticed by Spolyar, Freese & Gondolo (2008) , WIMP annihilation in young haloes during the formation of the first stars could provide an amount of energy equal to the one dissipated by chemical cooling of the gas. Also, as noticed by Iocco (2008) and Freese, Spolyar & Aguirre (2008) , the energy produced by DM annihilation captured inside early stars could even exceed the one produced by their nuclear burning. Additional effects of DM decays and annihilations have also been considered in the literature, with particular attention to their contribution on the reionization and thermal histories of the intergalactic medium (Mapelli & Ferrara 2005; Ripamonti, Mapelli & Ferrara 2007a; Valdés et al. 2007 ) as well as on the conditions for star formation in the first mini-haloes (Ripamonti, Mapelli & Ferrara 2007b) .
In this paper, we aim at studying the effects of neutralino DM annihilation on stellar evolution in the early universe. We will treat separately the effects arising from DM contraction during stellar collapse and from DM captured by scattering with the baryons: although these are clearly part of the same picture, the physical mechanisms are different and observational and experimental constraints on the parameters involved have different nature and reliability.
The paper is organized as follows: in Sec. 2 we describe the initial conditions of the model; in Sec. 3 we introduce the process of adiabatic contraction and discuss the evolution of our fiducial 100M⊙ star in the presence of this mechanism. Sec. 4 deals with the scattering/capture process and its impact on the evolution of the fiducial stellar model. In Sec. 5 we discuss the dependences on the stellar mass and DM parameters; in Sec. 6 we summarize the effects of scattering/capture process on stellar models. Finally, in Sec. 7 we discuss our conclusions. We defer to the Appendixes a synthetic description of the stellar evolutionary code and include tables with relevant physical quantities of all stellar models considered in this study.
Throughout the paper we work in the framework of a Λ cold DM (ΛCDM) cosmological model with parameters ΩM = 0.24, ΩΛ = 0.76, ΩB = 0.042, h = 0.73 (Spergel et al. 2007; Hinshaw et al. 2008 ) and we assume that DM is entirely made of neutralinos with a mass of 100 GeV.
INITIAL CONDITIONS
In this Section we describe our initial conditions for the density profile of the dark matter halo and for the pre-Main Sequence (pre-MS) evolution of the star. In the rest of the paper we often refer to the object under investigation as a star, or dark star, although, in most cases, it is actually a proto-star. We will make the distinction clear where necessary.
Dark matter halo
In the present study, we implement the characteristics of a "standard" early star forming mini-halo, i.e. an object with total mass M = 10
6 M⊙ virializing at z = 20 (see e.g. Abel et al. 2002; Bromm et al. 2002; Yoshida et al. 2006; Gao et al. 2007; Turk 2007) . We assume that 82.5% of the total mass is DM, while the rest is baryonic; DM follows a standard NFW profile (Navarro, Frenk & White 1996) , with virial radius Rvir = R200 = 5 × 10 20 cm and concentration 1 c = 10. We flatten this profile for radii smaller than the free-streaming length of DM particles (6.6 × 10 12 cm if their mass is 100 GeV).
It is worth noting that approximately 100M⊙ of dark matter, equivalent to the mass of the fiducial stellar model that we will discuss in the following Sections, are contained within a radius of ≈ 10 18 cm. This qualitatively defines the maximum distance at which DM particles feel the gravitational pull due to the central concentration of baryons or, in other words, the maximum radius where adiabatic contraction effects are relevant, as described in Sec. 3.
Proto-star
We assume that in the first mini-haloes stars form as a result of the collapse of metal-free gas clouds, after the coolinginduced fragmentation phase is completed (see e.g. Omukai 2000 and Schneider et al. 2002) . We adopt the Padova Stellar Evolution code in the version suitable for the study of zero metallicity stars (Marigo et al. 2001 (Marigo et al. , 2003 . A synthetic description of the code with details on the computed evolutionary tracks is presented in Appendix A1.
In order to catch the proto-star as early as possible in its evolution, within the convergence limits of the code and its physical reliability, for each stellar model we force its thermodynamic conditions to the tip of the Hayashi track by providing a density-dependent heating source; this causes an expansion of the proto-star and a drop of the effective temperature. We stress that this initial phase has no particular physical meaning: any other convenient artificial heating source would work to this purpose.
We prepare the initial conditions as follows. Starting from the configuration of a Zero Age Main Sequence (ZAMS) star of the same mass and adopting a primordial chemical composition 2 we then artificially expand the star towards the tip of the Hayashi track. During this artificial evolution we perform a preliminary check on the relative strengths of the DM and gravitational luminosities that, during this phase, correspond (but not exactly) to the stellar luminosity. For a 100M⊙ star, which we consider our fiducial model, the DM luminosity decreases as the baryonic configuration gets more expanded. We continue the artificial expansion until the ratio of DM annihilation to the total stellar one is LDM/L * ≤ 0.5. At this stage, the central temperature is Tc ≈ 5 × 10 4 K and the central gas density is ρc ≈ 10 −7 g cm −3 . The radius of the object is ≈ 10 14 cm and, according to the DM profile described in the previous Section, the enclosed DM mass is ≈ 10 31 g, only 10 −4 of the proto-stellar mass. It is difficult to push the proto-star beyond this point because of numerical problems.
Starting from this configuration, we follow the pre-MS contraction phase, including the DM annihilation energy source term in the structure equations, as described in Sections 3 and 4. It is important to stress that this model is < ∼ 100 − 1000). 2 We assume a H and He mass fractions of X = 0.755 and Y = 0.245, respectively, according to recent BBN models (Iocco et al. 2007 ).
physically self-consistent: if gravitational energy release is the only luminosity source, the model correctly reproduces the usual track of a "standard", non DM-burning proto-star in the HR diagram.
DARK MATTER CONTRACTION
As we have discussed in the previous Section, in a protostar located at the center of the halo the DM content is ≈10 −4 of the total mass; as a result, the DM contribution to the gravitational potential is negligible, as this is largely dominated by the baryonic mass. Starting from the initial profile described in Sec. 2.1, we evolve the density profile using the so-called adiabatic contraction (AC) approximation (Blumenthal et al. 1986) , which is based on the assumption that the orbital time of the particles is much longer than the infall time (namely, orbits never cross each other). In this Section, we first introduce the formalism adopted to implement AC in our model and then describe the evolution of our fiducial 100M⊙ proto-star in the presence of DM contraction.
Formalism and approximations
The AC approximation identifies the adiabatic invariant M (R)R, where M (R) is the mass contained within the radius R, as originally shown by Blumenthal et al. (1986) . This model, which assumes spherical symmetry and circular orbits, was improved by Gnedin et al. (2004) . These authors showed that, when compared to numerical simulations, the Blumethal et al. model overpredicts the increase of DM density in the central region and that the change of the assumed invariant from M (R)R to M (R)R (where R andR are the current and orbit-averaged particle positions) largely reduces the problem. Gnedin et al. (2004) also estimate that, for 10
with A ∼ 0.85 ± 0.05, w ∼ 0.8 ± 0.2. Gustaffson et al. (2006) confirmed these results, but showed that the values of A and w change from halo to halo, and that the spread is likely larger than the errors quoted above. However, in the following we used the central values (A = 0.85, w = 0.8) from Gnedin et al. (2004) , as they lie well within the distribution. With such assumptions, the modified adiabatic invariant equation is (2) where M DM,f (R), M b,f (R), MDM,i(R), and M b,i (R) are the masses of DM and baryons enclosed within a radius R, at the final (subscript f) and initial (subscript i) times. Given the initial profiles MDM,i and M b,i (the NFW profile described in Sec. 2.1) and M b,f (the baryonic density given by the stellar evolution models), Eq. (2) can be solved iteratively for the radius R f which encloses the DM mass MDM,i(Ri).
The numerical routine which solves the equation is mostly based on the public code contra by O. Gnedin 3 , although several adaptations and changes were necessary.
Finally, it is important to discuss our use of Eq. (1) down to R ∼ 10 −7 Rvir, which is well below the limit (∼ 10 −3 Rvir) where it was tested by Gnedin et al. (2004) . Although this is definitely an untested extrapolation, we think our choice is well motivated and quite conservative: the resulting central DM density is at least a factor of 10 lower than in the Blumenthal et al. (1986) Freese et al. (2008b) : they study the density profile of an AC contracted halo, adopting two different algorithms (based on Blumenthal's original prescription and on a modified method derived by Young (1980) ); they find the two to be consistent within a factor two at baryon densities of O(10 −11 )g/cm 3 , yielding DM densities of order 10 10 GeV/cm 3 at radii of order 10 AU. If we use the same initial conditions and apply the algorithm based on Gnedin's method to their baryonic profile, we find a DM density consistent within a factor three with the ones they obtain.
The specific energy deposition rate due to annihilations of DM particles is
where ρ is the local DM density, mχ the neutralino mass, σv the thermally-averaged annihilation rate. We adopt σv = 3 × 10 −26 cm 3 s −1 which best fits the current value of the DM relic density (Bertone et al. 2005) . DM particles in the halo are strongly non-relativistic: therefore the pwave term, which contributes to the annihilation rate in the early Universe, is negligible in astrophysical environments; this may lead to different values of σv . In general, however, the same value we adopt is taken as "fiducial" in DM indirect search studies (see e.g. Fornengo, Pieri & Scopel 2004) . We also assume the neutralino mass to be mχ = 100 GeV; we will discuss the effects of the variation of these parameters in Sec. 5. In general, only a fraction f of the energy released in the annihilation is emitted in form of particles that can be thermalized by the gas; we take f = 2/3, as for a typical neutralino annihilation ≈ 1/3 of the energy goes into neutrinos (Bertone et al. 2005) , and the rest of hadronic and electromagnetic shower induced by the primaries fastly thermalizes inside the protostellar core, as estimated by Spolyar et al. (2008) for even lower baryonic densities 4 .
Proto-star evolution with DM contraction
We now turn to a detailed discussion of the DM effects on the evolution of a 100 M⊙ proto-star, which we take to be our fiducial model deferring to Sec. 5 the study of different masses. We anticipate that, qualitatively, the conclusions and the physical picture we draw in this Section do not depend strongly on the assumed stellar mass. The initial NFW profile described in Sec. 2.1 is adiabatically contracted, as described in the previous Section, in order to obtain a configuration in which the baryonic component would correspond to our initial proto-stellar phase, at the tip of the Hayashi track, presented in Sec. 2.2. The initial NFW profile of the halo, and the AC contracted DM density distribution at the time we start our simulation are shown in Fig. 1 ; the dramatic enhancement (approximately seven orders of magnitude within the central 10 12 cm) of DM density is the cause of the pronounced effects of DM annihilation that will be discussed in the following.
The corresponding DM profile at this point is let evolve together with our stellar object, whose evolution follows a typical track in the HR diagram: the proto-star is totally convective and contracts on a Kelvin-Helmholtz time scale (approximately 10 2 yr in this phase), descending the Hayashi track. For reference, the track of a 100 M⊙ (together with other stellar masses) in the HR diagram is reported in Fig  5 .
The DM annihilation luminosity (AC luminosity) becomes the dominant component of the total luminosity on a very short timescale (≈ 10 yr). Although the mass of DM contained inside the star at this point is only ≈10 31 g, 10
of its baryonic mass (and 10 −8 of the total mass of the halo), the luminosity arising from the annihilations of the DM concentrated within the central ≈ 2 × 10 11 cm is large enough to sustain the star, causing a stalling phase. This kind of object has been named a dark star by Spolyar et al. (2008) , who first found that DM annihilation energy release can counteract the gravitational collapse at some point during the pre-stellar phase.
Once the proto-stellar contraction has stalled, due to the energy released by DM annihilations, the contraction of the DM profile is inhibited as well. Part of the DM in the cusp is burned by annihilations causing a luminosity drop, followed by a small contraction of the baryons and DM which re-establishes a new equilibrium state. In reality, this sequence of stable equilibrium states along the Hayashi track represents a continuous process which is eventually terminated when the DM density in the cusp has decreased below the threshold at which the energy input can no longer sustain the self-gravity pull, i.e when the annihilation timescale becomes longer than the local Kelvin-Helmholtz time. The duration of the stalling phase, τAC, is defined as the time needed to the AC luminosity to scale down to 50% of the stellar luminosity, i.e. LDM/L * = 0.5, and it is much longer than the typical Kelvin-Helmholtz timescale. For our fiducial set of parameters (recall this is degenerate in the ratio σv /mχ), the 100 M⊙ dark star stalls for τAC = 5.3×10 3 yr. In Fig. 2 we show the DM density profile inside R * at different stages of the proto-stellar evolution, benchmarked by the fraction of stellar luminosity provided by AC luminosity, LDM/L * . The contraction and subsequent flattening of the central cusp with respect to the initial conditions of the stalling phase, where LDM/L * = 1, together with the progressive shrinking and the loss of DM annihilating shells, is the reason of the efficiency decrease of the AC luminosity. The central enhancement of the central cusp at the 50% stage with respect to the 100%, dark star phase, is not able to compensate the loss of the external shells of annihilating DM. Fig. 3 shows the time evolution of the effective temperature for different proto-stellar masses. During the stalling phase, the dark star is kept stable on the HR diagram by the DM energy production (which is temperature independent) and it remains cool T eff ≈ 5 × 10 3 K, as can be seen from the initial plateau visible in the bottom left corner of the Figure. When the DM cusp is exhausted, the dark star evolves along its pre-MS track with characteristic times longer than for a standard, non DM-supported, stellar model of the same mass, due to the additional support of AC luminosity. Fig.  3 restates the results that the dark star exits the stalling phase in τAC = 5.3 × 10 3 yr, and reaches the bottom of the Hayashi track in τHay = 4.4 × 10 3 yr. By comparison a standard, non DM-supported, star of the same mass reaches the same point in τ 0 Hay ≈ 60 yr. Table 1 shows these characteristic timescales for a grid of stellar mass models.
This might have interesting implications for the radiative feedback effects of the dark star on its host and nearby haloes, as we will discuss in our Conclusions.
DARK MATTER CAPTURE
If DM is made of weakly interacting massive particles, a nonvanishing elastic scattering cross section between DM and baryons arises. WIMPs scattering off the nuclei which constitute the star lose part of their energy and some of them remain bound by gravitational attraction. In this Section, we first introduce the formalism necessary to implement scattering/capture (SC) process in the code and then we discuss their effects on the evolution of our 100M⊙ fiducial protostellar model.
Formalism and approximations
The capture rate, C, of DM particles by a star through scattering has been calculated by Gould (1987) , and can be cast as follows:
where
σ0 is the DM-baryon elastic scattering cross section, An (Mn) is the atomic number (mass) of stellar nuclei, ρ is the ambient WIMP density,v is the WIMP velocity dispersion, v * is the velocity of the star with respect to the observer, v(R) is the escape velocity at a given radius R inside the star, µ = mχ/Mn, µ− = (µ − 1)/2, and the subscript * refers to stellar quantities. The factor η is usually assumed to be 3/2, corresponding to the condition v * =v. WIMPs captured by the scattering process thermalize with the gas; an upper limit to the thermalization time can be estimated as (mχ/mp)(λχ/vχ), i.e. the WIMP-proton mass ratio (number of scatterings needed) times the WIMP mean free path divided by its dispersion velocity in the star (we take vχ equal to the escape velocity at the stellar surface), thus obtaining:
Assuming that the energy of the DM particles is in equilibrium with the gravitational field of the star, their number density follows a Maxwell-Boltzmann distribution (Griest & Seckel 1987) ,
where n c χ is the highest DM density achievable inside the star once equilibrium between capture and annihilation is reached after a time
The radius within which captured DM is concentrated, once it has thermalized with the star, reads
where Tc and ρc are the stellar core temperature and density, respectively. The energy released due to annihilations inside the star can be self-consistently computed once the profile nχ(R) is known. The expression for such quantity given in Eq. (7) assumes that particles are thermalized and equilibrium between annihilation and capture processes has been reached. To take into account the transient phase before WIMPs settle to such a state, we write the annihilation luminosity as,
with g(t) = tanh 2 (t/τ dyn ), where τ dyn =max(τχ,τ th ); this is a formal solution when τχ > τ th , and otherwise still represents a good approximation to deal with a transient, reducing to the exact solution, LDM = Cmχf , when t > τ th . Finally, f is the fraction of released energy absorbed within the star, which we take to be 2/3 for a typical neutralino annihilation, as discussed in Sec. 3. The process we have described presents some peculiarities which are worth discussing. Altough the physical energy source is the annihilation process, its rate is controlled by scattering processes which governs the capture rate. Its dependence on the background WIMP density is only linear (rather than quadratic, as in the case of annihilation reactions), and it depends on σ0 rather than on σv . As it can be appreciated from Eqs. (7) and (8), σv and mχ affect the τχ and n c χ , but within the region of the parameter space which is relevant to this problem they do not affect the final DM luminosity.
Eq. (5) should be integrated for each single atomic species in the star. However, if one relies on the current experimental upper limits for DM direct detection for a 100 GeV mass neutralino, namely σ , the capture rate is negligible for any species but hydrogen. In stars of primordial composition, such as Pop III ones, even the dependence on the coherence factor A 4 n does not introduce any signicant contribution of elements other than hydrogen. Our choice for the cross section values is in agreement with other works in the literature, i. e. (Moskalenko & Wai 2007; Bertone & Fairbairn 2008; Fairbairn et al. 2008) .
Throughout the following we adoptv = 10 km s −1 , which represents the virial velocity of our reference minihalo with mass 10 6 M⊙ at redshift z ≈ 20. By integrating Eq. (5) with a flat stellar density profile, one obtains a simplified expression for the capture rate,
which, within the precision of experimental data, corresponds to a numerical estimate of,
having defined:
and expressing M * in solar masses and R * in cm. It follows that, at equilibrium,
In the above expression we have taken f = 2/3 (see discussed in Sec. 3). Eq. (14) predicts that for a given mass M * , LDM will grow during stellar contraction, potentially reaching a level able to halt the collapse. In the code, we have implemented a term of DM luminosity due to annihilations of captured WIMPs (SC luminosity) using Eq. (14) multiplied by the transient factor g(t) described in Eq. (10). We emphasize that the process of DM capture is sensitive to the background DM density outside the star but not to the DM already accreted through adiabatic contraction. Thus, the two processes are mutually independent. Moreover, scattering/capture processes can continue for long times: in a 10 6 M⊙ halo, a DM luminosity of 10 41 erg s −1 can be sustained for approximately 10 12 yr.
Proto-star evolution with DM capture
We follow the evolution of our reference 100 M⊙ proto-star, after the stalling phase due to the AC luminosity described in Sec. 3.2. The fiducial DM parameters are σ0 = 10 −38 cm 2 and ρ = 10 11 GeV/cm 3 , which is the value set by adiabatic contraction in the vicinity of the star (R < ∼ 10 15 cm), as shown in Fig. 1 . It is worth noticing that this value of ρ closely matches the one predicted by 3D simulations of first star formation (Turk 2007 ). We will discuss the dependence of our model results on these parameter in Sec. 5.
At the time of stallation, the radius of the dark star is R * ≈ 10 14 cm. Once the DM density cusp generated through AC is exhausted, the energy released by DM annihilations is no longer sufficient to stop the gravitational collapse; also, the SC luminosity developed at this point is, at the equilibrium 8 , approximately 10 37 erg/s, as it can be calculated with Eq. (14). The dark star continues its evolution along the Hayashi line and in the pre-MS phase.
While the star shrinks and evolves leftward on its track in the HR diagram, the capture rate grows as can be seen in Fig. 4 , where we show the contributions to the total stellar luminosity of the different processes as a function of the stellar age. As shown in the Figure, despite the fact that SC DM annihilations are dominating the overall luminosity, at times >2×10 3 yr, nuclear reactions are active producing a luminosity of L nucl ≈ 2 × 10 38 erg/s (10 5 L⊙), eventually leading the star to exhaust the hydrogen into its core and continue its evolution, although with longer timescales. We have followed the evolution of our fiducial stellar model until complete consumption of helium in the stellar core. The hydrogen burning lifetime is τH = 4.9 Myr, to be compared with the τ 0 H = 2.6 Myr predicted for a Pop III star of the same mass in the absence of DM effects (see Table 2 ). The helium burning lifetime remains essentially unchanged.
Thus, the evolution of the star is slower than what expected for a star of the same mass in the absence of DM capture.
As we will show in the next Section, lower mass stars are more sensitive to DM effects and for this same set of parameters they actually stop before getting to the ZAMS.
PARAMETER VARIATION
In this Section we will discuss the dependence of model results on the assumed parameters. In particular, we will explore (i) a grid of stellar masses and (ii) different DM parameters. We will consider these in turn.
We find that all stars stall very early in their evolution, when they all stand on the Hayashi track (namely, they are entirely convective). The evolution of the effective temperature during the AC phase for a few selected stellar models is shown in Fig. 3 , where the dotted lines mark the evolutionary stages where the AC luminosity has decreased to 50% and 10% of the total stellar luminosity. As can be inferred from the Figure, larger masses burn their DM content more rapidly than smaller ones. In Table 1 , we report the characteristic timescale of the AC phase and the time taken by each star to reach the bottom of the Hayashi track with (τHay) and without (τ 0 Hay ) the contribution of AC luminosity for the whole range of stellar masses under investigation. The duration of the stalling phase induced by the AC luminosity varies with stellar mass M * , ranging from 2.1 × 10 3 yr for a 600M⊙ star to 1.8 × 10 4 yr for a 9M⊙ star.
We have not been able to explore a wide range of values for σv /mχ for problems of numerical convergence; however, we have performed a run for our fiducial value of the annihilation rate and a neutralino mass mχ = 200 GeV. Results are reported in the Appendix A2, and show that for higher values of the neutralino mass (or smaller values of the annihilation rate) the delaying effect of the AC luminosity is reduced: the smaller amount of energy per unit time makes the contraction of the star faster. Fig. 5 shows the evolution of different stellar models in the HR diagram. The results presented in the upper panel have been obtained using our fiducial DM parameters, namely σ0 = 10 −38 cm 2 and ρ = 10 11 GeV cm −3 . The dotted lines mark the position of the star when LDM/L * = 1 (i.e. at the beginning of the stalling phase), 0.5 and 0.1. As already discussed, for all the considered stellar models the stalling phase takes place along the Hayashi track, and the timing of the other benchmarked points can be inferred by comparison with Fig. 3 .
Following the stalling phase, these dark stars continue their contraction. The SC mechanism becomes more relevant as the density increases, and the SC rate grows. For our fiducial set of DM parameters, stars with M * < ∼ 30M⊙ develop a SC luminosity greater than the gravitational one before reaching the ZAMS, and therefore do not evolve further on the HR diagram. This is clearly shown in the upper panel of Fig. 5 , where the dashed tracks, which indicate the pre-MS phase, do not join the main sequence (solid lines) for all stellar models with M * ≤ 20M⊙. The lower panel of the Figure shows the HR diagram of the same set of stellar models but assuming different DM parameters, namely σ0=10 −39 cm 2 and ρ = 10 11 GeV cm −3 . As expected, the evolution is almost unaffected by the variation of DM parameters during the AC phase whereas the SC effects are significantly reduced: all the stars with M * > 5M⊙, reach the main sequence and even the evolution of the 5M⊙ model is halted at a later time with respect to the previous case.
In Table 2 , we summarize the characteristic timescales which characterize the evolution of the our stellar models under the effect of SC assuming different DM cross sections, Table 1 . Characteristic times of the star relative to the phase induced by the AC luminosity. The adiabatic time τ AC has been defined as the time needed to the AC DM annihilation luminosity, L DM to scale down to 50% of the total stellar luminosity L * . We also report the stellar radii R AC . The last two columns show the time required to reach the bottom of the Hayashi track from its tip with (τ Hay ) and without (τ 0 Hay ) AC DM annihilation. as compared with the standard case where DM effects are neglected: once again it is evident the bigger impact of the SC mechanism on smaller masses and the life-prolonging effect of DM on all the masses.
STELLAR MASS CONSTRAINTS
From the above picture, it is clear that in DM-rich environments, such as the haloes where the first episodes of star formation are expected to take place, SC luminosity may play a dramatic role during the early evolution of a proto-star. On the basis of purely quantitative arguments, this has been suggested by Iocco (2008) , and Freese et al. (2008) derived a constraint on the mass of stars that can form under these conditions. Our analysis reaches conclusions that are different from those of the latter study as we will comment later in this Section. Now we want to answer the question of which stars will be most affected by this mechanism, and in which environment. Armed with the formalism developed in Sec. 4, one may simply impose the condition L
ZAMS DM
≤ L ZAMS nucl , namely that the luminosity due to DM annihilations inside the star be less than the nuclear luminosity predicted at ZAMS for Pop III stars in the absence of dark matter. Fig.  6 summarizes the results of this disequation, obtained by applying Eq. (14) to a grid of stellar models at the ZAMS.
In the region above the curve, DM luminosity exceeds the nuclear one and proto-stellar evolution is inhibited before the objects reach the ZAMS, as we have discussed in the previous Section. Stars in this regime will "freeze" on the HR diagram as long as the properties of the DM distribution around them remain the same. Below the curve (shaded area) stars are instead able to reach the ZAMS and thereafter evolve along the main sequence.
Note, however, that the distinction between "frozen" and "evolving" stars has to be taken with care. In fact, as we have shown in Fig. 4 for our reference 100 M⊙ stellar model, the ignition of nuclear reactions can occur at very low rates, producing a very low nuclear luminosity, but still allowing the star to evolve, eventually exhausting its nuclear fuel, although on much longer timescales (τH = 4.9 Myr against the τ 0 H = 2.6 Myr timescale predicted for a 100 M⊙ Pop III star in the absence of DM effects, see Table 2 ). −27 GeV/cm), is 40M⊙
This is due to a change in the index k of the relation L * ∝ M k * , following the transition of the star to a completely adiabatic system when M * > ∼ 200M⊙. In their analysis, Freese et al. (2008) derive only an upper limit to the stellar mass in the presence of DM SC because they impose the above condition making use of the Eddington luminosity, which has a linear dependence on the stellar mass, instead of the actual nuclear luminosity at ZAMS. Therefore their analysis somehow under-predicts the effects of DM on low and intermediate mass stars. In fact, our numerical results show that most significant effects are obtained for objects with masses M * < ∼200M⊙ , as shown in Fig. 6 . This happens because the SC mechanism becomes efficient only when the stars are in a relatively advanced phase of their pre-MS evolution.
It is also extremely interesting to notice that the massluminosity relation in low-mass stars is not particularly sensitive to metallicity. This implies that the results we have presented can be also applied to metal-enriched stellar populations, as long as they continue to form in environments with characteristics similar to those we have considered (see Sec. 2). Our results are in agreement with those of Salati & Silk (1989) , Fairbairn et al. (2008) and Scott et al. (2007) , who studied the main sequence evolution of WIMP-burning stars and observed that ZAMS stars, if "fed" with captured DM annihilation energy move towards the red region of the HR diagram, at increasing DM densities. In particular, the latter analysis focused on low-mass stars (M * ≤ 4M⊙) and found they eventually reach the Hayashi line for different DM density values at different masses (ρ = 10 10 GeV/cm 3 for 1 M⊙), using the same current upper limit on σ0 we adopt, and a different value forv, of the order of the relative velocity between WIMPs and Sun,v ∼ O(10 2 Km/s). Figure 5 . The HR diagram for a grid of stellar masses. For each stellar model, the dashed line represents the pre-MS phase and the solid line represent the MS. Dotted diagonal lines mark the evolutionary stages when L AC /L * = 1, 0.5 and 0.1. The dotdashed line illustrate the locus of the "freezing" points, when the evolution is halted by SC DM annhilation luminosity before the ZAMS. In the upper panel, the results have been obtained using our fiducial DM parameters, namely σ 0 = 10 −38 cm 2 and ρ = 10 11 GeV cm −3 . The small loops in the 5 and 7 M ⊙ models are due to the effect of WIMPs thermalization, which results in an effective delay of the effects of SC DM annihilation luminosity.
In the lower panel, the stellar models have been run assuming the same DM density but σ 0 = 10 −39 cm 2 . 
CONCLUSIONS
We have studied the effects of WIMP dark matter annihilation on the first stars in the Universe. As initial condition of our model, we consider a dark matter halo with mass 10 6 M⊙ at z = 20, i.e. a typical mini-halo where the first star formation episodes are expected to occur. We have treated separately the mechanism of adiabatic contraction (AC) and scattering/capture (SC) and highlighted their effects on the pre-Main Sequence (pre-MS) phase of stellar objects with masses 5M⊙ < M * < 600M⊙ formed from the collapse of metal-free gas clouds. We find that:
• Early in the proto-stellar evolution, the luminosity produced by DM annhilations during the AC regime induces a transient stalling phase: all the proto-stars become dark stars for characteristic times ranging from 2.1 × 10 3 yr for a 600M⊙ star to 1.8 × 10
4 yr for a 9M⊙ star.
• The stalling phase occurs when the stars are on the Hayashi track. The AC luminosity does moderate the effective temperature of the star, by enabling an equilibrium state at the early evolutionary stages, characterized by larger radii, when the effective temperature is ≈5×10 3 K.
Later in the evolution, the capture of WIMPs by means of scattering on the baryonic matter of the star becomes high enough that WIMPs accumulated and annihilating inside it produce enough energy to keep the object at equilibrium. The details of this depend on environmental conditions of DM, elastic scattering cross section between WIMPs and baryons, and mass of the star.
For our fiducial set of parameters (v=10 km/s, ρ=10
11 GeV/cm 3 , σ0=10 −38 cm 2 ), we find that:
• Small and intermediate mass stars (M * < 40M⊙) are most affected by SC luminosity and their evolution is halted on the HR diagram before reaching the ZAMS.
• Dark stars can be supported by SC luminosity as long as the environmental conditions remain unaltered. This is because, unlike the AC mechanism, SC luminosity depends on the flux of DM particles streaming through the star from outside, thus drawing from a virtually unexhaustable reservoir: dark stars remain "frozen" on the HR diagram.
• Stars with masses ≥ 40M⊙ manage to ignite nuclear reactions, and go through the Main Sequence supported by an additional energy source: dark matter "burning" prolonges their lifetimes from a factor 2 for a 600M⊙ to a factor 5 for a 40M⊙ star.
These conclusions depend on the assumed dark matter parameters and on the specific environment where the first stars are expected to form. However, they do not strongly depend on the assumed primordial chemical composition of the stars. Thus, they can be applied to more evolved stellar populations as long as the characteristics of the environment where these stars form are similar to the ones we have considered.
The existence of dark stars can have many interesting consequences for a number of issues. In fact, once they are frozen on the HR diagram, they have effective temperatures in the range 10 4 − 10 5 K and provide a continuous source of UV photons. This could have interesting consequences for the radiative feedback on the parent and neighbouring haloes as well as on the reionization history. The duration of this dark stellar phase is difficult to estimate, as it depends on the persistence of high dark matter densities around the stars. Therefore, their fate is strictly related to the evolution of their parent dark matter haloes and their merger histories.
Of course, the present analysis represents only a first step of more refined future studies; however, it opens a relatively novel window on high redshift star formation. Progresses on the issues discussed here might lead to considerable understanding of the signatures that the yet mysterious dark matter particles have unmistakably left on the stars that formed in the baby Universe.
APPENDIX A: STELLAR EVOLUTION A1 The code
The modifications introduced in the Padova stellar code to follow the evolution of zero-metallicity stars are fully described in Marigo et al. (2001 Marigo et al. ( , 2003 to which the reader is referred for details.
In the following we summarize the main input physics and further implementation required to follow the pre-main sequence phase.
Radiative opacities are from the OPAL group, Rogers & Iglesias (1992) and Iglesias & Rogers (1993) , for temperatures T ≥10 4 K, and from Alexander & Ferguson (1994) for T <10 4 K. Conductive opacities of electron-degenerate matter are from Itoh et al.(1983) .
The equation of state for temperatures higher than 10 7 K is that of a fully-ionized gas. At high densities, Coulomb interactions are introduced adopting the prescription by Straniero (1988) Nuclear reaction rates are from the compilation of Caughlan & Fowler (1988) while, energy losses by pair, plasma, and bremsstrahlung neutrinos, are from Haft, Raffelt & Weiss (1995) .
The energy transport in the outer convection zone is described according to the mixing-length theory of Böhm-Vitense (1958) with a mixing length parameter, α = 1.68, obtained from the calibration of the solar model by Girardi et al. (2000) .
The extension of convective boundaries is estimated with the standard Schwarzschild criterion. Adopting more sophisticated schemes such as semiconvection and/or convective overshoot (e.g. Bressan et al. 1981 and Alongi et al 1991) would not change the results.
Effects of stellar rotation and/or magnetic fields have not been considered in this exploratory work.
We finally remark that for zero-metallicity stars the abundance equations need to be solved simultaneously, for both the H and He burning reactions without any assumption for nuclear equilibria. This is performed with a semiimplicit extrapolation scheme (Bader & Deuflhard 1983) .
A2 Evolutionary Tracks
We have computed evolutionary tracks for initial masses in the range 5 M⊙ to 600 M⊙, starting from the pre-main sequence phase and covering the central Hydrogen and Helium burning phases. The adopted initial composition consists of a mixture of just hydrogen and helium, resembling the lack of metals in the early Universe (Iocco et al. 2007) , with mass fractions of X = 0.755 and Y = 0.245, respectively.
The evolution is performed at constant mass, i.e. neglecting both mass accretion during the pre-main sequence phase and mass loss by stellar winds in the later stages.
Five different sets of tracks have been considered, depending on the assumptions concerning the DM parameters. The results are summarized in Tables A1 to A5 . For selected stages during the evolution we report: age, surface luminosity L, effective temperature T ef f , radius R * , central values of density ρc, temperature Tc and hydrogen fraction Xc, and the fractional luminosity provided by nuclear reactions (LNuc/L * ). Table A1 refers to stellar evolution without DM effects (the standard case). In Table A2 we consider only the effects of annihilation of DM in the adiabatic contraction phase. Tracks in tables A3 and A4 also take into account the additional role of DM scattering/capture processes for two different values of the parameter σ0, σ0 = 10 −39 cm 2 and σ0 = 10 −38 cm 2 . Finally in Table A5 we have analysed the influence of a different neutralino mass (200 GeV instead of 100 GeV) on the adiabatic contraction phase.
The different stages selected in the Tables have the following meaning.
The Starting Point marks the beginning of the evolutionary sequences. In the standard case this is the first point where the model is fully and consistently supported by the gravitational energy release, while in the AC cases it is the model where the total luminosity of the star is equalized by the AC luminosity of its current baryonic configuration. At these luminosities the contraction timescale are of the order of a few years, so that some differences in the starting luminosity do not affect the subsequent evolutionary timescales.
The Hayashi Minimum Luminosity Model corresponds to the stage of minimum luminosity during the descent along the Hayashi locus. Soon after this point the proto-star moves towards the main sequence at nearly constant luminosity. This is a convenient point for comparing the contraction timescales of the different sets and their sensitivity to DM adiabatic contraction.
The points labelled LAC /L * =50% and 10% indicate the stages when the AC luminosity contributes to the 50% and 10%, respectively, of the total stellar luminosity. The complementary energy source comes from gravitational contraction. When LAC /L * =10%, the adiabatic contraction phase is essentially over.
The stage LNuc./L * = 95% indicate the point where the nuclear energy source provides 95% of the stellar luminosity. In absence of DM scattering/capture this point indicates the beginning of the major Hydrogen nuclear burning phase. On the contrary when DM scattering/capture becomes efficient, this point may be reached at an advanced stage of nuclear burning, or even not reached at all, for stars that suffer SC stalling. The contribution of the SC energy source makes the nuclear burning to occur at a slower rate, thus prolonging the lifetime of the star by a significant amount. In some circumstances the star is practically totally sustained by the SC luminosity with a negligible nuclear burning. In all these cases we provide the central hydrogen fraction and the fractional nuclear luminosity. These quantities may help the reader to evaluate the importance of the effect and, for the stalled stars, to roughly estimate the duration of the phase.
Finally, the last stage in the tables corresponds either to central Hydrogen exhaustion, or to the stalled model at an age of 5 Myr. We remark that, in the latter case, the stellar tracks have been evolved for a much longer time (larger than the standard Hydrogen burning lifetime) to properly check the stalling condition. In Tables A3 and A4 we do not report the first stages because they are identical to those in Table  A2 .
A few remarks on the effects of the AC and SC mechanisms are worthy at this point.
The AC term is important in the early contraction pre-main sequence phase. By comparing AC and Standard models we notice that, while the absolute duration of this phase increases as the mass decreases, the relative effect (i.e. the ratio between lifetimes at the Hayashi Minimum for a given mass) increases strongly with the stellar mass. In any case the AC phase does not particularly affect the total nuclear burning lifetime. Actually some Standard models show slightly longer Hydrogen burning lifetimes compared to the corresponding AC cases. This reflects the fact that the beginning of the main sequence is reached with small structural differences (e.g. location of convective boundaries), that propagates during the subsequent evolution.
The SC term is never important in the pre-main sequence contraction phase since the large stellar radii strongly limit the SC luminosity (directly via Eq. (14) and indirectly through the corrective term due to thermalization time, Eq. (6)). This paper has been typeset from a T E X/ L A T E X file prepared by the author. Table A1 . The values for "standard", metal-free stars evolving without DM annihilation. Table A2 . AC mechanism only Table A3 . AC and SC mechanisms active; ρχ= 10 11 GeV/cm 3 , σ 0 = 10 −39 cm 2 Table A4 . AC and SC mechanisms active; ρχ= 10 11 GeV/cm 3 , σ 0 = 10 −38 cm 2 
